Introduction {#sec1}
============

High-density lipoprotein (HDL) nanoparticles are complexes of lipids and proteins that eliminate cholesterol from the bloodstream, thereby reducing atherosclerotic plaque burden.^[@ref1]−[@ref4]^ HDL particles are formed in vivo when apoA-I, a 243 amino acid protein consisting of ten amphiphilic α-helices, interacts with phospholipids, cholesterol, and other proteins.^[@ref5],[@ref6]^ HDL metabolism and remodeling is a highly dynamic process involving the constant influx, efflux, and modification of constituent proteins, cholesterol, lipids, and small-molecule components, giving rise to a spectrum of HDL particle compositions and function ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref5],[@ref7],[@ref8]^ Compelling evidence for the antiatherogenicity of apoA-I, the key protein component of HDL, derives from observations that iv infusions of apoA-I or reconstituted HDL particles, or overexpression of apoA-I, exhibit atheroprotective effects, including antioxidant and anti-inflammatory properties.^[@ref9]^ However, the use of apoA-I directly as a therapeutic agent faces serious challenges. In particular, apoA-I is not orally bioavailable and the large amounts of protein (\>3 g/single infusion) required are cost prohibitive given current production methods.^[@ref10],[@ref11]^

![HDL metabolism and remodeling. HDL particles are complexes of lipids, proteins, and cholesterol that undergo constant dynamic remodeling mediated by various transporters, receptors, and enzymes. HDLs are atheroprotective in part because they exert anti-inflammatory effects and facilitate the process of reverse cholesterol transport (RCT), which removes excess cholesterol from peripheral tissues for delivery to the liver for elimination. Abbreviations: ABC, ATP-binding cassette transporter protein; apoA-I, apolipoprotein A-I; CETP, cholesteryl ester transfer protein; LCAT, lecithin--cholesterol acyltransferase; LDL, low-density lipoproteins; PLTP, phospholipid transfer protein; SR-B1, scavenger receptor B1.](oc-2017-00154t_0001){#fig1}

Consequently, many research groups have devoted considerable effort to developing peptide^[@ref12]−[@ref17]^ or other^[@ref18],[@ref19]^ mimetics of apoA-I. Notably, some key properties of apoA-I can be mimicked by various α-helical, amphiphilic peptides containing 18--40 amino acids. For example, the 18-residue peptide 4F is an archetypal α-helical apoA-I mimetic that has been the subject of many studies and has advanced into human clinical studies.^[@ref20],[@ref21]^ We recently developed branched multivalent apoA-I mimetic constructs displaying up to four copies of an α-helical peptide.^[@ref16],[@ref17]^ Although these constructs showed remarkable in vivo oral efficacy in a leading mouse model of atherosclerosis, we sought to advance a simpler peptide scaffold that would facilitate higher-throughput screening and more cost-effective drug candidates. Despite intense interest in α-helical peptide structures as apoA-I mimetics,^[@ref12]−[@ref17]^ virtually no other peptide architectures have been studied in this area of research.^[@ref22]^ Herein, we describe a novel chemotype for modulating HDL morphology and function based on small six- or eight-residue self-assembling cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides.

Cyclic peptides with an even number of alternating [d]{.smallcaps}- and [l]{.smallcaps}-α-amino acids can adopt flat, ring-shaped conformations in which the backbone amide groups are oriented perpendicular to the side chains and the plane of the ring ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}).^[@ref23]−[@ref25]^ Under conditions that favor hydrogen bonding, such as adsorption onto lipid droplets or membranes, cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides can stack to form hollow, β-sheet-like tubular structures with the amino acid side chains positioned on the outside surface of the nanotube.^[@ref23]−[@ref28]^ Importantly, the self-association is reversible, such that a dynamic assembly process takes place,^[@ref29]^ in which ensembles can be formed according to the specific lipid environment at hand. We considered that such dynamic supramolecular peptide structures with inherent structural adaptability might effectively interact with HDLs (which are also compositionally and morphologically dynamic). It is known that helical, amphiphilic apoA-I mimetic peptides function by binding to the surface of lipoprotein particles.^[@ref16],[@ref30]^ Analogously, previous studies have shown that amphiphilic cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptide nanotubes can bind and functionally impact biological membranes.^[@ref26],[@ref28]^ The multivalent amino acid side chains present on the self-assembled peptide nanotube surface have certain similarities to the side chain display in α-helices ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00154/suppl_file/oc7b00154_si_001.pdf)). The distance between neighboring side chains in a peptide nanotube (α-carbon distance of 4.7--5.1 Å)^[@ref31]^ is similar to that between the *i* and *i* + 3 residues in an α-helix (α-carbon distance of 5.0--5.3 Å). Therefore, it seemed possible to utilize cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides to create lipid particle-interacting nanotubes that modulate HDL morphology and function, through dynamic HDL nanoparticle remodeling.^[@ref6],[@ref7],[@ref32],[@ref33]^

![Structure and function of self-assembled cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptide nanotubes. (a) Chemical structure of a generic cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptide and corresponding peptide nanotube. Self-assembly of cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides involves the peptides adopting a beta-sheet-like, hydrogen-bonded architecture in which side chains decorate the outside of the nanotube surface. In the nanotube, some side chains have been removed for clarity. (b) Appropriately designed, amphiphilic cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides can insert into membranes and generate lipid-interacting nanotubular ensembles.](oc-2017-00154t_0002){#fig2}

Results and Discussion {#sec2}
======================

A major objective in developing HDL-focused therapeutics is to promote cholesterol efflux by remodeling mature HDL nanoparticles into lipid-poor, pre-beta HDL nanoparticles, the latter of which are key initial acceptors of cholesterol in the reverse cholesterol transport (RCT) process.^[@ref34],[@ref35]^ In fact, lipid-poor HDL levels correlate better with the cholesterol efflux capacity of human sera than either total HDL-cholesterol or apoA-I levels.^[@ref34],[@ref35]^ Toward that goal, we embarked on a program to design, select, and assess the effectiveness of self-assembling cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides in remodeling plasma HDL particles in vitro.

To test the hypothesis that HDL morphology and function could be modulated by using nanotubes derived from amphiphilic cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides, we carried out several iterations of design, synthesis, and initial screening for effectiveness in generating pre-beta HDL particles ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00154/suppl_file/oc7b00154_si_001.pdf) for a full list of peptide sequences screened). We examined cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides for their effectiveness in remodeling mature human plasma HDLs into lipid-poor HDLs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). Briefly, the testing method involved incubating human plasma with a peptide and then determining the level of pre-beta HDL in the sample by using an ELISA assay.^[@ref36]^ We confirmed the results of the ELISA assays and the dose dependence of the peptide effects by using Western blots for human apoA-I ([Figure S2 and Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00154/suppl_file/oc7b00154_si_001.pdf)).^[@ref36]^[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} provides the pre-beta HDL formation activities of a subset of cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides chosen for usefulness in developing a SAR; the ranked activities of all peptides screened are given in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00154/suppl_file/oc7b00154_si_001.pdf).

![In vitro effectiveness of selected cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides in increasing the levels of pre-beta HDLs in human plasma. Pre-beta HDLs are key acceptors of cholesterol in reverse cholesterol transport. Not all sequences screened are shown here; see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00154/suppl_file/oc7b00154_si_001.pdf) for a full list of peptides screened and corresponding activities. Peptides were incubated with human plasma in vitro for 1 h, after which pre-beta HDL levels were measured using ELISA. Peptides are grouped based on sequence homology. The data are shown as mean ± SD. Capital letters represent [l]{.smallcaps}-amino acids; small letters represent [d]{.smallcaps}-amino acids. Abbreviations: Z, 2,3-diaminopropionic acid; X, 2,4-diaminobutyric acid; O, ornithine; HL, homoleucine; AO, 2-aminooctanoic acid; NA, 2-naphthylalanine; KB, Nε-benzyl lysine; PY, 3-pyridylalanine; ^Me^, N-methylated amino acid.](oc-2017-00154t_0003){#fig3}

![Structures of lead peptides identified by the HDL remodeling ELISA. For each compound, the molecular structure is shown on the left. On the right, a peptide nanotube containing a stack of six peptides is shown as a cylinder cut down the long axis of the hydrophobic face and flattened. Dotted lines mark the hydrophobic/hydrophilic interface. Note that cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides assemble in an antiparallel fashion, as shown in the cylindrical structures. In reality, the peptides would not necessarily stack in the shown relative rotations having the hydrophobic and hydrophilic residues clustered. Cationic residues are colored blue, anionic residues are red, and polar neutral residues are green. His residues are colored as blue/green hatch because His can be positively charged or neutral since the imidazole p*K*~a~ is close to physiological pH.](oc-2017-00154t_0004){#fig4}

![Cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides can promote HDL remodeling and cholesterol efflux in vitro. (a) Selected cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides enriched the level of pre-beta HDLs by remodeling human plasma HDL particles in a dose-dependent fashion in vitro. The peptides were assayed at 0.4, 0.2, and 0.1 mg/mL (∼360, 180, and 90 μM) with analysis via Western blotting. Peptide 4F was used as a positive control at 0.1 mg/mL. The "10% sucrose" lane is a negative control. O, ornithine. (b) Selected peptides promoted cellular cholesterol efflux in vitro. In the left panel, all compounds were assayed at 0.3 mg/mL (∼270 μM cyclic peptide) in human plasma. In the right panel, **21** was assayed over a range of concentrations. Efflux was measured from mouse macrophage J774 cells incubated with 2% apoB-depleted plasma samples for 4 h. Values are shown as mean ± SD of samples in quadruplicate, and are given relative to the vehicle-treated plasma sample as 0% efflux.](oc-2017-00154t_0005){#fig5}

The peptide library was divided roughly equally between peptides that were (i) overall cationic (43 peptides screened) or (ii) overall neutral and bearing a charge distribution similar to that of class A α-helices found in plasma apolipoproteins (38 peptides screened).^[@ref37]^ Class A α-helices have an amphiphilic structure in which the cationic residues are clustered at the polar/nonpolar interface and the anionic residues are near the center of the polar region. Therefore, many cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides in our panel were designed to display cationic Arg, Lys, Orn (O), diaminobutyric acid (X), or diaminopropionic acid (Z) residues at the polar/nonpolar interface, and negatively charged Asp or Glu residues near the center of the polar face; this charge distribution is exemplified by peptides **1**--**6** and **8**--**29** ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, see [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00154/suppl_file/oc7b00154_si_001.pdf) for a full list of the 81 peptide sequences screened, along with the corresponding activities). Cyclic peptides bearing this pattern of charged residues can self-assemble into nanotubular structures that position charged residues along the nanotube, reminiscent of the pattern along the belt-like structures of class A α-helices in natural apolipoproteins. Interestingly, we found that a larger proportion of the most effective compounds were of this charge-neutral, class A sequence class. Additionally, despite representing slightly less than half of the overall number of peptides, such "class A" sequences comprised 10 of the top 15 most active cyclic peptides ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00154/suppl_file/oc7b00154_si_001.pdf)). The library encompassed peptides containing two to five hydrophobic residues, and nearly all the peptides were amphiphilic (with hydrophobic residues clustered together). Whereas most of the peptides screened (73 sequences) were eight-residue peptides, our preliminary results suggest that six-residue peptides (8 sequences screened) also have the potential to promote plasma HDL remodeling (see [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00154/suppl_file/oc7b00154_si_001.pdf)).

The SAR studies identified a pronounced sequence dependence for efficient plasma HDL remodeling. Early in our screening campaign, we identified peptides **1** and **15** as effective HDL remodeling sequences, so a number of peptides closely related to those were prepared (peptides **1**--**30**). These cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides are characterized by an amphiphilic topology with a hydrophobic trp-Leu-trp (wLw) segment at amino acid positions 1--3, positively charged amino acids at interfacial positions 4 and 8, negatively charged amino acids at positions 5 and 7, and a polar neutral residue at position 6.

In examining analogues of peptide **15**, we identified **21**, which had Arg residues at both cationic positions ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), as an effective promoter of pre-beta HDL formation. We made several analogues of **21** designed to be more hydrophobic (and presumably have a higher affinity for lipoprotein particles) by replacing the Leu residue with homoleucine (**23**), 2-aminooctanoic acid (**24**), Trp (**25**), or naphthylalanine (**26**). All of these analogues proved to be less active than peptide **21**. In some cases, subtle changes in sequence had pronounced functional effects. For example, while **21** differs from **18** only by replacement of a single Orn with Arg, both of which are cationic, **18** was essentially inactive but **21** was the most active peptide screened. This observation is consistent with previous studies where seemingly small sequence differences at the peptide monomer level were amplified through the multivalent side-chain presentation of the tubular ensemble.^[@ref26]−[@ref28]^

We included several peptides in our screening to provide mechanistic insight. Peptide **22** is the enantiomer of **21**; the HDL remodeling activity of these two compounds was nearly identical, indicating that the mechanism of action does not involve specific ligand-type interactions between the cyclic peptides and chiral molecules in the plasma, such as proteins. We examined c\[wLwErQrE\] (**30**), in which the pattern of charged residues is swapped compared to that in c\[wLwReQeR\] (**21**) (and the other neutral, class A sequences). The plasma remodeling activity for **30** was dramatically reduced compared to **21** ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), despite the same amino acids being present. These findings support the identified charge distribution in **21** as being mechanistically important. We also found that peptide nanotube formation is required for remodeling activity by assaying peptide **27**, a backbone N-methylated analogue of **21**. Such methyl group incorporation limits cyclic peptide self-assembly into dimeric complexes by rendering one face of the peptide incapable of intersubunit hydrogen bonding ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00154/suppl_file/oc7b00154_si_001.pdf)).^[@ref38]^ The efficacy of this N-methylated peptide was greatly diminished compared to **21**. Similarly, HDL remodeling activity was reduced for peptides **28** and **29**, which have the same sequence as **21**, but one of the [d]{.smallcaps}-amino acids switched to [l]{.smallcaps}-chirality to disrupt the alternating [d]{.smallcaps},[l]{.smallcaps}-topology and reduce the propensity for nanotube formation. Taken together, our studies support a mechanism involving self-assembly of the active cyclic peptides into supramolecular nanotubular complexes.

One of the analogues of peptide **15** with high HDL remodeling activity was sequence **31** ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), in which there were only two charged residues instead of four, but the sequence would remain charge neutral overall at physiological pH. In exploring analogues of **31**, we noted the good HDL remodeling activity for potentially cationic **34** compared to **33**, so it seemed appropriate to examine a series of cationic sequences. Peptides **36**--**44** range from an overall charge of +2 to +5. Only two of these peptides (sequences **37** and **40**) promoted HDL remodeling. Notably, peptide **40** was the only cationic sequence tested that contained a Trp-Leu-Trp hydrophobic region ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}), and a similar sequence consisting of 3-pyridylalanine-Leu-Trp was present in **37**. Although we did not survey the sequence space for cationic sequences as extensively as for the class A neutral sequences, based on these data it seems likely that compounds with improved activity could be obtained, especially those having a Trp-Leu-Trp hydrophobic region and a charge around +3.

Our initial screens did not identify active sequences having two or five hydrophobic residues. However, we did find some active compounds that contained four hydrophobic amino acids, in addition to the peptides containing three hydrophobes discussed above. Sequences **45**--**54** all contain four hydrophobic residues and are cationic overall, ranging from overall charge of +1 to +4. Among these compounds, the HDL remodeling activity was highest for **49**--**51**, which contain one or two cationic residues and one or two His residues. Sequences containing just one cationic amino acid (**45** and **46**) or three or four cationic residues (**52**--**54**) were less active. All three of **49**--**51** had a similar hydrophobic region consisting of Trp-(Val or Phe)-aromatic-Tyr.

Considering the library as a whole, moderate levels of hydrophobicity were preferable for HDL remodeling activity. Nearly all of the most effective peptides (14 of the top 15 sequences) contained 3 or 4 hydrophobic residues, as opposed to those having 2 or 5 hydrophobic residues (one caveat is that relatively few peptides with 2 or 5 hydrophobic positions were screened). Moreover, the series of peptides **21**--**26** indicated that the least hydrophobic peptide of the group, **21**, was most effective in remodeling HDL. These findings may point to a requirement for the cyclic peptides to dissociate from the lipoprotein particles or only transiently interact with them, analogously to the requirement for apoA-I to exchange on and off HDL particles to protect against atherosclerosis.^[@ref39]^

For each lead cyclic peptide, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the putative nanotube wheel diagrams of a stack of six peptides, assuming the peptides orient to maximize hydrophobic clustering. It is notable that all four sequences contain aromatic Trp or Tyr residues at the interface positions of the hydrophobic region. At first glance, sequences **21** and **31** appear to differ in that **21** contains cationic amino acids at both sides of the polar region, whereas **31** has a cationic residue on one side and an anionic residue near the other side. However, due to the preference of cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides to stack in an antiparallel fashion, the nanotube structures of these two peptides are actually rather similar, with the main difference being the higher density of charged amino acids in **21**. Therefore, all four sequences (**21**, **31**, **40**, **51**) give rise to nanotubes in which cationic residues are found at the interface positions of the polar region. Peptides **21** and **40** have cationic residues at every interfacial position, whereas **31** and **51** have cationic residues at every other interfacial site. The nanotube formed by peptide **51** is somewhat different from the others, having only four polar residues and a stripe of cationic residues along the center of the polar region.

Cellular cholesterol efflux is a critical component of the antiatherogenicity of HDL.^[@ref8],[@ref40],[@ref41]^ Thus, we evaluated charge-neutral cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides **21** and **31** for promoting cellular cholesterol efflux from mouse macrophage J774 cells. Although cationic peptides **40** and **51** promoted more pre-beta HDL formation than **31**, sequences **21** and **31** were less cytotoxic than the cationic sequences, consistent with our prior experience with antimicrobial peptides. Specifically, **40** and **51** were more hemolytic and more toxic to mammalian cells in culture than **21** and **31** ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}).

###### Bioactivity and Physical Data for Lead Peptides Identified by HDL Remodeling ELISA

                                        cytotoxicity LD~50~ (μM)                 
  -------- ---------- ------- --------- -------------------------- ------ ------ --------------------------------------------
  **21**   wLwReQeR   6.14    81 ± 11   36                         \>40   \>40   \>660 (4%)[c](#t1fn3){ref-type="table-fn"}
  **31**   wLwSeQsO   6.00    58 ± 12   \>40                       \>40   \>40   \>500 (3%)
  **40**   wLwKhShK   10.00   68 ± 5    7.8                        11     8.5    145
  **51**   wFyYhOrS   9.70    63 ± 10   7.2                        18     6.9    98

Isoelectric point (p*I*) values were calculated by using the online ExPASy bioinformatics resource (<http://web.expasy.org/compute_pi/>).

Concentration of pre-beta HDL generated by the peptide after incubation with human plasma, as determined by ELISA.

Values in parentheses are the percent of hemolysis at the concentration listed (highest concentration tested).

To measure cholesterol efflux mediated by **21** and **31**, cholesterol-laden cells were incubated with peptide-treated plasma for 4 h, after which the level of cholesterol effluxed to the media was measured.^[@ref42]^ The cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptide-treated plasma markedly promoted cholesterol efflux, and **21** showed a clear concentration dependency ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b). The 4F peptide, employed as a positive control, was slightly more effective than **21** and **31** in promoting cholesterol efflux, consistent with the somewhat higher levels of pre-beta HDL it caused compared to the cyclic peptides at the same concentration. The cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides did not appear to be toxic to the macrophage cells over the concentration range tested (up to 300 μM). It is noteworthy that when the efflux experiment was conducted with just the peptide agents as cholesterol acceptors, instead of peptide-treated plasma, cholesterol efflux was not increased compared to vehicle controls. In other words, the cyclic peptides were not sufficient cholesterol acceptors by themselves to promote efflux from the J774 cells. This is consistent with our observation that the cyclic peptides did not form peptide--lipid nanoparticles upon incubation with liposomes, unlike α-helical apoA-I mimetic peptides. Together, these findings suggest that the enhanced efflux capacity caused by the cyclic peptides is due to the increased concentration of pre-beta HDL in the plasma that results from peptide-mediated plasma HDL remodeling.

To further support the mechanistic insight gained from our initial screen, we tested several analogues of the lead compounds in the cholesterol efflux assay. Notably, the cholesterol efflux activity of **30**, in which the positions of the Arg and Glu residues were swapped, was dramatically reduced compared to that of **21** ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b), again supporting the importance of cationic residues at the interfacial region of the peptide. We established that the cyclic structure was required for activity by preparing two derivatives of peptide **31**. First, we assayed linear peptide Ac-wLwSeQsO-NH~2~ (**82**), which failed to remodel plasma HDL or promote cholesterol efflux ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}), even though it retains amphiphilicity. Second, we confirmed that peptide nanotube formation is require for plasma HDL remodeling activity and promotion of cholesterol efflux by assaying backbone N-methylated analogue c\[wL^Me^wSeQ^Me^sO\] (**83**). As with unstackable methylated peptide **27**, the efficacy of this N-methylated peptide was greatly diminished in both plasma HDL remodeling and cholesterol efflux.

To ascertain if the cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides would function in vivo to modulate HDLs, we administered **21** to mice (BALB/c, *n* = 3) via intraperitoneal (ip) injection at a dose of 20 mg/kg. We observed in each mouse a marked increase in the level of pre-beta HDL, consistent with the in vitro assays ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a). The effects persisted for up to 8 h from the preinjection time point, and this rather long period of action in vivo was supported by a pharmacokinetic study for **21** in mice (BALB/c, *n* = 3). After ip administration, the peptide had a plasma half-life of approximately 6 h ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b and [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00154/suppl_file/oc7b00154_si_001.pdf)), consistent with the high proteolytic stability of cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides.^[@ref26],[@ref43]^

![Cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptide **21** exerts promising activity in vivo. (a) Peptide **21** increased the level of pre-beta HDLs after intraperitoneal injection (20 mg/kg) to male BALB/c mice (*n* = 3), as determined by Western blotting for mouse apoA-I. (b) The pharmacokinetic half-life of the peptide in vivo was several hours in mice. (c) Peptide **21** suppressed LPS-induced inflammatory responses in vivo (BALB/c mice, *n* = 5 per group), as indicated by reduced stimulation of certain cytokines. Systemic inflammatory responses were induced by ip injection of the endotoxin lipopolysaccharide (LPS). Peptide **21** (7.5 mg/kg) or vehicle was administered 4 h prior to LPS challenge; plasma samples were taken 6 h post challenge. Baseline refers to animals that did not receive LPS challenge. Data are shown as mean ± SD. *p* values were determined by a Student's unpaired two-tailed *t*-test. MCP-1, monocyte chemoattractant protein-1; IL-6, interleukin-6; RANTES, regulated on activation, normal T cell expressed and secreted.](oc-2017-00154t_0006){#fig6}

An important aspect of atheroprotection for HDLs is their anti-inflammatory properties. To test if active cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides could augment the anti-inflammatory properties of HDLs in vivo, we carried out a widely used model of acute inflammation in which systemic inflammatory responses are induced by ip injection of the endotoxin lipopolysaccharide (LPS).^[@ref44],[@ref45]^ Indeed, treatment with peptide **21** significantly protected mice from LPS-mediated induction of key biomarkers of inflammation, cytokines MCP-1, IL-6, and RANTES ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c).

Conclusion {#sec3}
==========

Our results establish a new class of molecules that can enhance the function of HDLs to promote reverse cholesterol transport. Certain cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides, namely **21**, **31**, **40**, and **51**, represent distinct sequence motifs that markedly promoted the formation of pre-beta HDLs in human plasma. Each of these motifs may serve as a starting point for future optimization, such as by using focused combinatorial libraries.^[@ref46]^

Previously studied apolipoprotein mimetic peptides can package lipids into HDL-like nanoparticles as an aspect of their mode of action.^[@ref12]−[@ref17]^ In contrast, the cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides did not form peptide--lipid nanoparticles, as determined by FPLC and liposome clearance assays. We speculate that the cyclic peptides displace apoA-I from HDL particles to generate lipid-free or lipid-poor apoA-I,^[@ref32],[@ref33]^ which can then accept cellular lipids or cholesterol. If true, the cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides would be better described as modulators of HDL function (by increasing the concentration of the pre-beta subset of HDL) rather than as apoA-I mimetic peptides. Our finding that the cyclic peptides alone do not promote cellular cholesterol efflux, but cyclic peptide treated plasma does promote cholesterol efflux, supports this hypothesis. HDL modulation by cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides could offer a new approach for studying the stability, remodeling, and function of HDL particles, and for preparing new compositions of HDL particles.

Several interesting mechanistic questions remain to be answered. Do the cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides stay associated with HDLs, or only transiently interact to modulate their morphology and function? Are the peptides selective for lipoprotein particles vs cellular membranes in vivo? Are there important differences in the function of HDLs that have been remodeled by cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides compared to native HDLs? Ongoing studies are aimed at clarifying these important issues. Cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides are likely just one example of a suitable amphiphilic peptide architecture, and it is worth exploring other amphiphilic polymers, peptoids, dendrimers, etc.,^[@ref47]−[@ref50]^ as remodelers of plasma HDL. It is conducive for further structure--activity optimization that self-assembling cyclic [d]{.smallcaps},[l]{.smallcaps}-α-peptides can be derived from a large sequence space of natural and unnatural amino acids. Because such cyclic peptides are generally proteolytically stable and easy to synthesize, our results with these low-molecular-weight compounds offer an attractive new approach toward potential therapeutic agents for atherosclerosis.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acscentsci.7b00154](http://pubs.acs.org/doi/abs/10.1021/acscentsci.7b00154).Experimental methods, Table S1, and Figures S1--S5 ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acscentsci.7b00154/suppl_file/oc7b00154_si_001.pdf))
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